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Auger-electron emission induced by Ar+ impact on silicides
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Impact of ions of several kilo-electron-volts (keV) with solids produces inner-shell excitations.
The consequent decay results in the emission of Auger electrons whose spectra differ considerably
from electrons or x-ray-excited spectra. Si {L»-derived) Auger emission, induced by Ar+ bombard-
ment in pure Si and silicides of different metals (Cr,Ni, Pt) and stoichiometry (from NiSi2 to Ni3Si),
has been studied by varying both the energy of the primary ions (in the 1 —5-keV range) and the
takeoff angle (from grazing to normal geometry). We separated the background of inelastic scat-
tered electrons from the Auger electrons, and in a further step the contributions to the spectra com-
ing from deexcitation inside and outside the solid. The portion of the Auger emission which origi-
nates from sputtered atoms ("atomic spectrum") was found to depend on the target composition and
takeoff angle, being larger in metal-rich silicides and at grazing geometry. The parents of "atomic"
Auger electrons were found to be mainly neutral and excited sputtered atoms in Si and Si-rich sili-

cides, while in metal-rich silicides there is a dominant contribution from sputtered ions. These re-
sults have been discussed in terms of the inner-shell ionization mechanism and the in-depth distribu-
tion of exciting collisions. The "atomic" spectral shape dependencies on ion energy and takeoff an-

gle have been interpreted in terms of the Doppler shift imparted to the Auger-electron velocity by
an anisotropic jet of high-energy parent atoms.

I. INTRODUCTION

In the conventional Auger technique an electron beam
of energy of a few keV is routinely used to excite inner-
shell electrons. The excitation process is a direct
Coulomb interaction; little momentum is transferred to
the matrix and the excited atom is not displaced from its
lattice site. The subsequent Auger decay will generally
involve one or two valence-band (VB) electrons, so that
the escaping Auger electrons are related to the valence-
band density of states and the line shape and energy posi-
tion of the Auger peak will reflect the target chemical
composition. A photon beam in the x-ray energy region
is alternatively used as exciting probe. Also in this case
the excited atom is not displaced and the Auger process
involves the same features as the electron-excited process,
apart from differences in the ionization cross section and
the absence of autoionization structures.

Ion-beam bombardment can promote inner-shell elec-
trons through crossing of molecular orbitals, as first de-
scribed for two-particle gas-phase collisions. ' Atoms can
deexcite via the Auger decay channel and the resulting
spectra are markedly different from those induced by
electrons or photons. The differences are mainly related
to the substantial momentum transfer from the projectile
to the target atoms because of the similar masses. The
target atoms are displaced from their normal lattice site
and, because of the short lifetime of inner-shell vacancies
(typically 10 ' s), the decay can occur in particles in
motion in the solid or ejected in the free space, leading to
a characteristic atomiclike contribution to the Auger
spectra.

In spite of an increasing interest in studies on ion-
induced Auger electrons (IAE s), their origin is still con-
troversial and the detailed interpretation of the spectral
features is an open problem.

In this paper we present the results of an investigation
on Auger-electron emission induced by an Ar-ion beam
in silicon and silicides of different metal and/or
stoichiometry, with the purpose of elucidating the origin
of the most relevant structures in the IAE spectra and
their behavior versus metal content, projectile energy,
and emission angle. The Ni, Pt, and Cr silicides have
been chosen because of the detailed knowledge of their
electronic properties, electron-induced Auger yield and
line shape, ' and sputtering behavior. '

II. EXPERIMENT

Silicides were prepared by a conventional annealing
technique, starting from a metal film of appropriate
thickness deposited on polycrystalline Si. The samples
were characterized in structure, stoichiometry, and in-
depth homogeneity by x-ray diffraction, Rutherford
backscattering spectroscopy, and Auger depth profile.

The samples were subsequently introduced in a UHV
system (10 ' Torr). The surface-cleaning procedure was
performed with a differentially pumped Ar+ gun (5 keV,
5 pA cm ). This gun was also used as exciting probe for
the ion-induced Auger spectra, at ion energies ranging
from 1 to 5 keV and ion currents of 2X 10 pA over a
spot of 0.2 mm in diameter. The Ar+-beam direction
was at an angle of 55' with the surface normal. Ejected
electrons were detected and analyzed using a commercial
cylindrical mirror analyzer (CMA), operating in the first
derivative mode (0.3% resolution, 1 V peak-to-peak
modulation) placed with its axis at 30' with respect to the
target surface normal and at about 80 with respect to the
incident Ar beam. By an appropriate use of a mechanical
shield, we selected the electrons emitted into specific po-
lar angles, namely 12 +2 and 72 +2 with respect to the
surface normal. %e will refer in the following to these
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acceptance geometries as "normal" and "grazing" re-
spectively. The CMA coaxial electron gun was also used
(E =3 keV and I =0. 1 pA) to obtain conventional
electron-induced Auger-electron (EAE) spectra. The ion
beam, electron beam, and sample surface were carefully
aligned with respect to the CMA, to avoid edge effects in
the spectra. The IAE and EAE spectra were subsequent-
ly integrated to obtain the N(E) distribution, and the
background was subtracted with a spline method.

%'e focused on the low-energy Si and metal Auger peak
in silicides. For comparison, we also measured IAE and
EAE spectra in pure Si.

III. RESULTS

In Fig. 1 are shown, in derivative form, the Auger
spectra recorded under Ar+ impact and electron impact
on (a) silicon and (b) NiSi at "normal" takeoff angle. The
EAE spectra are in good agreement, as it concerns both
energy and shape, with previous reported results. In par-
ticular, the Si LVV spectrum, which in pure Si presents a
single well-defined peak at 92 eV, in Ni silicides splits
into four distinct structures. The energy position and rel-
ative intensity of these structures are fingerprints of the
different compounds in the Si-Ni phase diagram, ' and
the resultant Si LVV line shape has been successfully in-
terpreted in terms of DOS self-convolution. The Si LVV
peak shape, and the Si (LVV) —to —Ni (MVV) peak inten-
sity ratio in Fig. 1(b) indicate a slight excess of Si with
respect of the correct NiSi stoichiometry, as a conse-

quence of 5-keV sputtering. ' A comparison with the
IAE spectra reveals significant differences. The Si peak
of both silicon and silicides presents several structures in
the 65 —95-eV energy region, the dominant ones being at
88, 95, and 77.5 eV, labeled P„Pb, and P„respectively,
in Fig. 1. Only a small shoulder can be identified at about
92 eV, in correspondence to the main peak in the EAE
spectra. In NiSi, the Si-to-Ni peak intensity ratio is
strongly reduced in the IAE spectrum with respect to the
EAE spectrum. In the IAE spectrum the peak at about
58 eV, due to electrons emitted from Ni atoms, is very
weak and does not allow a precise determination of the
intensity and energy position; it appears as a broad "dip"
at lower kinetic energy (KE) than the corresponding peak
in the EAE spectrum.

The IAE spectra for all the silicides we investigated are
shown in Fig. 2. A comparison with the corresponding
EAE spectra (not reported here) shows that the reduction
in intensity and the shift to lower KE of the metal peak
are common features for all the compounds. The shifts
range from 0.5 to 1.5 eV. This result is qualitatively con-
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FIG. 1. Electron-excited (EAE) and ion-excited (IAE)
Si L,3

—derived Auger spectra from (a) silicon and (b) NiSi at
"normal" takeoff angle.
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FIG. 2. SiL» —derived IAE spectra from silicon and sili-
cides. The main peaks at 88, 95, and 77.5 eV are labeled P„Pb,
and P„respectively. Arrows indicate the peak associated with
the Si L VV transition (see the text).



13 284 S. VALERI, R. TONINI, AND G. O'I IAVIANI 38

sistent with the hypothesis that the decay of the excited
metal atoms occur out of the solid, but the emitted line of
an isolated atom should exhibit a larger shift (3—6 eV).
We have at present no explanation for such reduced
shifts. We only note that Ar+-induced Auger spectra in
pure metals (Cr,Mn, Fe,Co) show an increase in MQ3-
related Auger peak energy over the corresponding EAE
peaks. ' This suggests that a mechanism is operative,
which counteracts the energy lowering related to the
"atomic" character of the IAE metal emission.

Regarding the Si peak, it presents a similar shape in all
the spectra: the KE of the main structures is indepen-
dent of whether the Si atoms bonding is covalent (as in
pure Si) or metallic (in silicides) and also independent of
the partner element and the relative metal-to-Si concen-
tration in the compound. However, there are marked
differences in the relative intensities of these structures
which can roughly be related to the Si concentration.
The 95-eV peak intensity is lower and the 88- and 77.5-eV
peak intensity is larger at increasing metal content. We
already outlined the presence in Si and NiSi of a small
structure located in energy between the 88- and 95-eV
peaks. This structure is present in all the silicides, as a
well-resolved peak (CrSi2, NiSi, and NiSiz), or as a shoul-
der in the high-KE side of the 88-eV peak (Pt3Si and
Ni3Si).

The generally accepted assumption is that the ion-
excited Si L23 —derived spectra are the superposition of (i)
a broad bandlike component, (ii) a series of narrow atom-
iclike structures, and (iii) a background of inelastically
scattered electrons. The separation of these three contri-
butions can be done conveniently in N(E) spectra. We
numerically integrated the dN(E)ldE spectra to obtain
the N(E) form of both EAE and IAE spectra. Subse-
quently, the inelastic background subtraction was per-
formed with a spline method. The area of the N(E),
background-subtracted Si peak is reported in Fig. 3
versus primary ion energy (E~ ) in the range I —5 keV, at
a constant ion density of 6 pA cm, for Si, NiSi2, and
Pt3Si; a similar dependence on E has been obtained for
NiSi, Ni3Si, and CrSi2, but for clarity we only report in

Fig. 3 the area at 5 keV. All the values are normalized to
that of pure Si at 5 keV. The Auger yield dependence on
E is nearly quadratic in the range 1 —3 keV as evidenced
in Fig. 3 for Si by the comparison with the calculated E
dependence of the yield, normalized to the 1-keV value.
However, the yield-increasing rate is strongly enhanced
at energies higher than 3.5 keV. A strong increase in the
Auger yield at projectile energy larger than 4 keV was
also reported for Xe+ ions on gold' and Ar+ ions on sil-
icon and Al. is

In Fig. 4 the Si L z3
—derived IAE peak areas in

M Sii are reported as a function of x, normalized to
the value at x =0 (e.g. , pure silicon). For comparison, we
also report in Fig. 4 the corresponding areas of the Si
(LVV) EAE peaks for Ni silicides. The x values in this
case are set according to the 5-keV ion-induced surface-
composition modifications. ' The EAE Auger yields
roughly correlate with the number of Si atoms in the tar-
get. With increasing x, the IAE yields decrease much
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FIG. 3. Dependence of the IAE Auger yield to projectile en-

ergy, in silicon, NiSi&, and Pt3Si. Similar trends have been
found for CrSi~, NiSi, and Ni3Si, but the 5-keV values alone are
shown for clarity. All the values are normalized to the 5-keV
value in pure silicon. The E~ functional dependence of the yield
is also reported, normalized to the 1-keV value in silicon
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FIG. 4. Si Auger yield dependence on x in M Si, . The
yield values are normalized to those in pure silicon. The x
values for Si (EAE) yield are set according with the 5-keV ion-
induced surface modification (Ref. 10).

more than the linear decrease of 1 —x. These results are
in qualitative agreement with those already reported for
the Ni silicides. '

Finally, we separated the atomiclike and bulklike con-
tribution by subtracting the EAE spectrum from the IAE
spectrum. This procedure is based on two assumptions:
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(i) the "bulk" contribution in the IAE spectra is satisfac-
torily represented by the EAE spectra, as claimed by
several authors, ' ' ' ' and (ii) the IAE spectral in-

tensity in the 92-eV region is mainly due to bulk contri-
bution; consequently, the relative intensities of the EAE
and IAE spectra have been chosen in such a way as to
have zero intensity in the difference curve in this energy
region. This procedure is illustrated in Fig. 5, upper
panel, for the CrSi2 case. In the lower panel of Fig. 5 and
in Fig. 4 and Table I we show the results of such a data
handling. In Fig. 5, lower panel, the atomiclike contri-
butions to the IAE Si spectrum in pure silicon and sili-
cides are reported. They present several structures whose
energy positions are insensitive to changes in chemical
bonding (from silicon to silicides), in stoichiometry (from
Si-rich to metal-rich silicides), and also insensitive to the
partner element, supporting the assumption that they are
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FIG. 5. Upper panel: procedure for the subtraction of the Si
L'p3 VV spectrum from the Si IAE L»-derived spectrum, illus-

trated in the CrSi2 case. Lower panel: the results of such a sub-

traction (i.e., the Si LMM spectra) are shown for silicon and sili-

cides. The peaks are labeled a f (see the text) and the spectra-
are normalized to the c peak.

TABLE I. Percent weight of the "atomic" and "bulk" contri-
butions to the 5-keV Si L23 —derived IAE spectra in silicon and
several silicides.

Atomic
Bulk

Si

35
65

CrSi~

48
52

NiSi2

53
47

NiSi

56
44

Ni3Si

69
31

Pt3Si

66
34

atomic in origin. The main structures are located at
about 107.8, 93.7, 86.7, 83, 76.6, and 67 eV and labeled
a f in—Fig. 5. Significant diff'erences in the "atomic"
spectra of silicides arise from changes in the relative in-
tensity of these structures. In spite of the uncertainties
introduced by the background subtraction and difference
procedures, and on the low-KE side of the spectra, by the
partial overlap of metal peaks in Ni- and Pt-rich silicides,
a well-defined trend can be identified in the most relevant
spectral features. On passing from pure-Si to Si-rich sili-
cides, we mainly notice the reduced intensity of the b
peak with respect to the c one; the a peak, hardly distin-
guishable in the pure-Si spectrum, became evident. On
going to the metal-rich silicides the trend in the a and b
peak intensities is confirmed, but the most evident spec-
tral tnodification is the strong increase in the intensity of
the (60—84)-eV region (peaks d f) with r—espect to the
85 —100 -eV region (peaks b and c). The shift of the d
structure to lower KE is in our opinion only apparent
due to the fact that this structure is just at the separation
of two spectral regions whose relative intensities are
strongly modified.

The areas of the "atomic" and "bulk" components of
the 5-keV SiL23-derived IAE spectra of Ni silicides,
normalized to the corresponding ones in pure silicon, are
reported in Fig. 4 to have an immediate comparison with
the "total" IAE and EAE yields. The "percent weight"
of both components of the IAE spectra in pure Si and sil-
icides are shown in Table I. The bulk component, which
is the dominant contribution in the pure-Si spectrum, is
strongly reduced in silicides with respect to the atomic
one. In metal-rich silicides the atomic contribution pre-
vails. A Monte Carlo calculation of the Ar+-induced Si
yield resulted in an atomic emission of 40%%u& of the total,
in excellent agreement with our result. This also strongly
supports the reliability of the procedure we used to
separate the atomic and bulk components of the IAE
spectra. Concerning the shape of IAE spectra, with in-
creasing ion energy, we only notice the appearance of the
weak peak at 106 eV for energy larger than 3 keV. The
spectral shape in the 60—100-eV range is substantially
unmodified, indicating that the bulk-to-atomic contribu-
tion ratio is independent on the projectile energy. The
aluminum IAE atomic-to-bulk yield has been reported to
increase with the projectile energy; however, this depen-
dence is strongly reduced at energies larger than 2 keV.
In addition, a different criterion for the determination of
the atomic-to-bulk yield ratio was used, which also can be
responsible for the partial disagreement with our results.
When a similar criterion has been used, results in agree-
ment with ours were reported. '

All the data presented until now refer to Auger spectra
at a takeoff angle of 16 with respect to the surface nor-
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mal. The IAE spectra show relevant modifications on
passing from this "normal" geometry to "grazing"
geometry as shown in Fig. 6 for NiSiz. The main change
is the asymmetric broadening of the Auger line shape on
the high-KE side. The difference spectrum shown in the
same figure clearly indicates that the asymmetric
broadening is due to the presence of a sort of "replica" of
the sharp atomiclike peaks, rigidly shifted by about 2.3
eV to higher KE. The broadening became more evident
with increasing projectile energy (Fig. 7). However, the
difference curves in Fig. 7, both referenced to the 2-keV
spectrum, show that the larger broadening at 5 keV with
respect to 3 keV is mainly due to an increase in the inten-
sity of the shifted contribution, and in minor part to an
increase in the shift value (from 2.0 to 2.3 eV). The
broadening of the IAE spectra and its dependence on the
experimental geometry and projectile energy have been
reported on Si, ' ' Al, ' and silicides. ' However, the
ion energy dependence, is, in general, ascribed to a larger
shift of the additional structures.

We outlined that a broadening could be observed in all

the structures of the IAE spectrum, in contrast with
some reports on a broadening limited to the dominant
peaks. ' We also notice that the 106-eV peak, which only
appears at high ion energy, is considerably enhanced in

grazing geometry with respect to normal geometry.

IV. DISCUSSION

In the typical first-derivative form of Si and silicide
IAE spectra, the atomiclike and bandlike components
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were roughly identified in the P, and Pb peaks located in
the 86—87- and 92—95-eV energy regions, respectively.
The less intense peaks at approximately 77 and 67 eV
were also attributed to atomiclike components. The Pb
peak was reported to be located at exactly 92 eV in pure
Si and silicides, the same energy as the Si (LVV) EAE
spectrum in pure Si.' Because of the absence of chemi-
cal shifts like those observed in the Si (LVV) spectra of
silicides, it was proposed that Pb electrons are emitted
from Si atoms beneath the surface but free from the bulk
network. Curiously, a very similar explanation was pro-
posed for a completely different result: the 2-eV shift to-
ward higher KE of the P, peak in the IAE spectrum with
respect to the Si (LVV) EAE spectrum in pure Si has
been interpreted as due to a markedly different density of
states in the collision cascade with respect to the unper-
turbed case. '

Our results show for the first time the presence of a
new peak which is located between P, and Pb and which
energy position changes in various silicides, in agreement
with the chemical shifts observed in the silicides Si (LVV)
EAE spectra. This peak is clearly due to Auger elec-
trons emitted from Si atoms in the bulk network, it is the
"true Pb" peak. This conclusion gives a further support
to the assumptions we made for the bulk contribution
subtraction from the IAE spectra, namely that the bulk
contribution can be represented by the corresponding
EAE spectrum and that it is the dominant one at about
90—92 eV.
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A. Auger yields

Let us now discuss the results on the Si Auger yield re-
ported in Fig. 4. The usual approach is to correlate the
Auger yield to the number of atoms present in the inter-
section between the excitation and the emission volume.
This approach works well for the EAE yields: in the
Ni Si, „system the Si (LVV) EAE yields are correctly
scaled with x. This approach, however, appears inade-
quate for the IAE spectra; with increasing x, the yield de-
crease much more than the linear decrease of 1 —x, as al-
ready reported. '

A further step is to consider separately the bulk and
atomic contributions to the IAE spectra (Fig. 4 and Table
I); the first one is expected to be correlated to the Si den-
sity, while the second one should be correlated to the Si
sputtering yield. However this refinement too is inade-
quate. The deviation from the linear 1 —x dependence is
even more accentuated for the "bulk" IAE emission. On
the other hand, the trend in the available Si sputtering
yield in Si and silicides is in complete disagreement with
the trend in the "atomic" IAE emission. The most evi-
dent example is the comparison between Si and NiSi2.
The sputtering yield of Si is enhanced in NiSi2 with
respect of pure Si, ' while the atomic" IAE yield in the
same compound is much less than in pure Si.

The deviations from the expected correlations have
been often assumed as an evidence against the generally
accepted conclusion, that IAE electrons originate from
both Si atoms sputtered out of the specimen surface and
Si atoms in bulk network. However, we outline that the
expected correlations are based on the assumption of a Si
L-shell ionization cross section almost independent of the
Si-atom environment. This is the case for electron and
photon probes, but it is questionable for ion probes, due
to the different ionization mechanism. The electronic ex-
citations are assumed to occur via close coupling among
molecular orbitals (MO's) transiently formed during the
collision, the Si L-shell excitations being described essen-
tially in terms of 4fcr-electron promotion, according to
the original Fano-Lichten' electron-promotion model re-
cently modified by Schneider et al. The MO electron-
promotion process only occurs if the minimum internu-
clear distance in the collision falls below a "critical" dis-
tance R, . R, ranges between 0.3 and 0.5 A for Ar on
light elements, and, in particular, electron promotion of
the Si 2p electron in Ar-induced collisions was reported
to occur at R, =0.37 A. ' A possible explanation is that
the projectile or a recoiled target atom's probability of
approaching a Si atom closer than R, is reduced in sili-
cides, where Si atoms are surrounded by "larger" metal
atoms, with respect to pure Si. A further reduction is ex-
pected when the number of metal atoms adjacent to Si
atoms increases (e.g., on going from Si-rich to metal-rich
silicides), in agreement with our results on the IAE
Auger yield. We can also suggest a possible contribution
from the chemical bonding, because the Auger yield is
extremely sensitive to the actual number of electrons oc-
cupyi'ng the Si M-shell prior to decay. This number is, in
turn, determined by the charge state of the Si atom before
the collision and by the L-to-M shell excitation during

the collision (see next paragraph).
The insensitivity of Si IAE line shape to E suggests

that both atomic and bulk Auger yields depend in a very
similar way on projectile energy. Therefore the depen-
dence of Auger yield on E should be essentially related
to the excitation process. The ionization can occur via
symmetric or asymmetric collisions, the latter in the
direct projectile-target collision and the former in the
subsequent cascade process within the solid. It was
shown by computer simulation that the probability of
creating 2p core holes in Si atoms by the electron-
promotion process is a quadratic function of the projec-
tile energy in symmetric collision. Figure 3 shows an
Ar-ion energy dependence of the Auger yield of E in the
1 —3-keV range in both Si and silicides; we can conclude
that in the low-projectile-energy range the dominant ion-
ization process is the symmetric Si-Si collision within the
cascade. We believe that the enhanced efficiency ob-
served above 3 keV should be attributed to a marked con-
tribution of the asymmetric Ar-Si collision to Si 2p exci-
tation, as already suggested for Ar impact above 4 keV
on pure Si (Ref. 17) and Al. '

These considerations refer to the total IAE yield, no
matter whether the decay occurs outside or inside the
solid; however, it is also interesting to note the trend in
the atomic-to-bulk yield ratio (Table I). This ratio in-

creases by a factor 2 in Si-rich silicides, and of a factor 4
in metal-rich silicides, with respect to pure Si. The rela-
tive probability for the atom with a 2p core hole to decay
inside or outside the solid depends on the core-hole life-
time, and on the time that the atom spends in the solid
before escaping. This time is related to the momentum
transferred to the atom in the collision, and to the depth
at which the collision occurs. The Si 2p core-hole life-
time is assumed not to vary appreciably in silicides, as in-
dicated by the near constant width of the Si 2p peak in
photoemission spectra from Si and silicides. ' We per-
formed numerical simulations based on a Monte Carlo
method to obtain the amount and the in-depth distribu-
tion of the energy transferred to the Si recoils in a 5-keV
Ar+ collision with Si or silicides. Simulations at 2 keV
Ar+ energy have been also performed in Si and CrSi2
case. The results are reported in Table II and enable us

Si
CrSi,
NiS&2

NiSi
Ni3Si
Pt)Si

Total energy
(ev/A)

8 (5)
9 (6)

8

10
10

Distance
(A)

40 (25)
25 (13)
28
23
18
16

TABLE II. Total energy (eV/A) imparted by 5-keV Ar+ pro-
jectile to target Si atoms, normalized to Si atomic density in the

0
target. Also shown is the distance (A) from the surface of the
maximum of the in-depth distribution of the total energy
transferred to target Si atoms. In parentheses, the correspond-
ing values calculated for 2-keV Ar+ on Si and CrSi2 are report-
ed.
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to conclude that the increased contribution of the atomic
yield to the total IAE yield at increasing metal content is
due to a larger energy transfer to Si atoms in a shallower
region in metal-rich silicides with respect to Si-rich sili-
cides and pure Si. The atomic-to-bulk yield ratio is for a
given target almost independent of E . A comparison be-

tween the 2- and 5-keV results of Table II provides a pos-
sible, at least qualitative, explanation. At higher projec-
tile energy, the collision occurs deeper in the solid; how-
ever, a larger energy is transferred to the Si atom; the
latter effect counteracts the former one. This contributes
to the substantially unaltered probability of the inner-
shell excited Si atom being sputtered from the solid be-
fore decay.

B. Auger line shapes

As far as the atomiclike features are concerned, we

adopt the interpretation of Ref. 2: the atomic peaks are
associated with excited neutral atoms or ions decaying in
free space. Referring to Fig. 5, structures labeled b and c
are assigned to transition in Si neutral atoms with a 2p
vacancy (Si ) (from the 2p 3s 3p configuration to
2p 3s 3p and 2p 3s3p, respectively), while structures la-
beled e and f are assigned to transitions in Si ions with a
2p vacancy (Si+) (from the 2p 3s 3p configuration to
2p 3s3p and 2p 3s, respectively) The .peak a at 106 eV
is assigned to transitions in Si ions with a double 2p va-

cancy (Si +) (from 2p 3s 3p to 2p 3s3p ). Si double ion-
ization only originates in asymmetric collisions. ' The
occurrence of this peak at an ion energy larger than 3
keV confirms the conclusions of the preceding paragraph
as it concerns the relative contribution of symmetric and
asymmetric collisions to the Auger yield. ' We cannot
unambiguously assign the small structure labeled d,
which on the basis of Ref. 2 presents probably a mixed
Si +Si+ character.

We first focus on the trend in the relative intensity of
the Si, Si+, and Si + contributions versus Si content. By
increasing the metal content, the intensity of the 65-85-
eV spectral region, mainly Si+ related, strongly increases
with respect to the 85-100-eV region, which is Si relat-
ed; the 106-eV peak (Si +) also increases. Two mecha-
nisms have been proposed for the neutral-excited emis-
sion: (1) it is possible that the 2p electron be promoted
to the 3p level by the curve-crossing mechanism, in a sort
of "autoionization" process, and (2) an ion with a single
2p vacancy, recoiling from the target, could possibly ex-
tract an electron from the valence band into the 3p level

by a charge-transfer process.
The neutralization efficiency is determined by the num-

ber of available free electrons in the region crossed by the
ions, for low-energy ions, and by the residence time in
this region. ' The free-electron density in metalliclike

systems (silicides) is much higher than on the surface of
the semiconductor (Si), and increases with the metallic
character of the bonding, i.e., with metal content in sili-
cides. From the results of Table II we deduce that at in-
creasing metal content the recoils should have a higher
velocity and a reduced path in the solid before escape,
but we believe that this only partially compensates for the

increase in the neutralization efficiency. Therefore on the
basis of mechanism (2) we expect a larger Si -related con-
tribution in the atomic spectra of metal-rich silicides with
respect to Si-rich silicides and pure Si, just the opposite of
our findings. The efficiency of the mechanism (1) is relat-
ed to the availability of empty states just above the Fermi
level. The Auger process being an atomic, well-localized
process, the states we are dealing with are the Si sp empty
states. On passing from pure Si to silicides, and from Si-
rich to metal-rich silicides, the density of these states
above Fermi level is reduced, ' ' in agreement with the
trend in the Si contribution (Fig. 5). We conclude that
mechanism (1) is the dominant one in the neutral-excited
emission.

A second aspect is the angular dependence of the
Auger line shape. First, we note that the additional shift-
ed contribution in the "grazing" spectrum (difference
curve in Fig. 6) is not exactly a replica of the "normal"
spectrum. The neutral-to-ion ratio contribution increases
on going at grazing emission, even more than appears in

Fig. 6, if we consider that the bulk contribution to the
spectrum is reduced according with the (cos8) ' law.
This can be attributed to the reduced lifetime of the neu-
tral excited states with respect to the ion states, due to
the presence of the additional electron (in the M shell)
which enhances the number of decay channels. The life-
time reduction was estimated at a factor 2 in Si. The
most likely cause of broadening is the distribution in

Doppler shifts due to the distribution of velocity com-
ponents of the decaying atoms in the direction of observa-
tion. ' ' ' Most of the sputter-induced Si ejection is
isotropic and of low energy, but an additional flux of
high-energy Si is anisotropically ejected from the surface
in a direction close to the projection of the ion beam on
the target surface.

Due to our experimental geometry, in the "grazing"
configuration the analyzer is partially "looking into" the
incident-ion beam and the high-energy Si flux has a
significant component of its velocity toward the analyzer.
The electrons emitted parallel to the flux acquire a posi-
tive Doppler shift DE=0.07&E(eV) cosg, s where 9 is
the angle between the direction of motion of the electron
and of the parent atom, and E is the KE of the parent
atom.

From the maximum electron-energy shift (2.3 eV), and
taking into account our experimental geometry, we esti-
mate the maximum KE of the Si jet to be =1400 eV.
This value is far greater than the kinetic energy of the
average sputtered atom (typically few eV), however high
KE for sputtered atoms with inner-shell vacancies has
been reported. Such a high value also suggests that the
anisotropic emission is due to asymmetric Ar-Si collision
in the surface layer, because symmetric collisions in the
cascade should share the projectile energy among the col-
lision partners and lead to lower ejection energies. This
origin of the parent atoms responsible for the Doppler
shift is also consistent with their asymmetric distribution,
because the emission resulting from the random collisions
within the cascade is expected to be isotropic and is sup-
ported by the enhancement of the 106-eV peak, strictly
related to asymmetric collision, in grazing geometry. A
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1.6-eV Doppler shift of the Lz3-derived IAE peak has
been already observed in Al. The larger value we ob-
served for Si is in accord with the calculated ejection en-
ergy of excited atoms, higher in Si than in Al.

The Si LMM spectral shape in the grazing config-
uration is ion-energy dependent: the asymmetric
broadening in Si LMM spectral shape is larger at increas-
ing ion energy. This is in agreement with previous results
on Si and Al, ' ' in general interpreted as consistent
with the Doppler e8'ect: the KE of the ejected atoms is
expected to increase for higher E; thus the Doppler shift
of the Auger electrons is larger. However, we observed
that the ion energy mainly determines the number of
electrons which experience the Doppler shift, and only
marginally the amount of the shift (Fig. 7). This can be
qualitatively understood on the basis of the data of Table
II. By increasing E the collisions extend deeper into the
solid, and a larger number of Si atoms can be emitted.
However, the larger energy imparted to a Si atom is par-
tially counterbalanced by energy loss which occurs dur-
ing the travel of the sputtered atom through the solid.

V. CONCLUSIONS

(iii) The atomic-to-bulk IAE yield ratio strongly de-
pends on target composition, being larger in metal-rich
silicides than in Si-rich silicides and pure Si. This has
been attributed to the fact that in Si and Si-rich silicides
the ionization occurs deeper into the solid, and a larger
number of excited atoms removed from their lattice sites
decay before they escape in the vacuum.

(iv) The 2p~3p electron promotion (autoionization)
during the collision is the predominant mechanism in the
neutral-excited emission. The relative weight of the IAE
contributions which originate from neutral excited atoms
or ions, respectively, is correlated with the Si sp empty-
state density just above the Fermi level.

(v) In grazing emission the larger contribution to the
IAE atomic spectrum from sputtered neutral-excited
atoms with respect to normal emission support the idea
of a reduced lifetime of the neutral-excited state with
respect to the ion state. The projectile-energy depen-
dence of the "Doppler shift, '* observed in grazing
geometry, is mainly due to an increase in the number of
"fast" parent atoms, and in minor part to an increase of
their KE, again in agreement with the amount and the
in-depth distribution and of the energy transfer to Si
atoms.

Our study has led to the following conclusions.
(i) All the prominent peaks in the usual dN(E)ldE

form of the Si L23 —derived IAE spectra of Si and silicides
originate in sputtered, 2p-excited Si atoms and ions. A
small, often poorly resolved peak has been identified,
which can be assigned to emission from excited Si atoms
decaying in the bulk.

(ii) The IAE yield dependence on projectile energy and
target composition is essentially related to the excitation
process.
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